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2We report the first measurement of target single-spin asymmetries (AN) in the inclusive hadron
production reaction, e + 3He↑ → h + X, using a transversely polarized 3He target. The ex-
periment was conducted at Jefferson Lab in Hall A using a 5.9-GeV electron beam. Three
types of hadrons (π±, K± and proton) were detected in the transvere hadron momentum range
0.54 < pT < 0.74 GeV/c. The range of xF for pions was -0.29 < xF < -0.23 and for kaons
-0.25 < xF < -0.18. The observed asymmetry strongly depends on the type of hadron. A positive
asymmetry is observed for π+ and K+. A negative asymmetry is observed for π−. The magnitudes
of the asymmetries follow |Api
−
| < |Api
+
| < |AK
+
|. The K− and proton asymmetries are consistent
with zero within the experimental uncertainties. The π+ and π− asymmetries measured for the 3He
target and extracted for neutrons are opposite in sign with a small increase observed as a function
of pT .
PACS numbers: 14.20.Dh, 25.30.Fj, 25.30.Rw, 24.85.+p
The study of the transverse single spin asymmetries
(TSSAs) is one of the most active areas of research in
modern hadronic physics. TSSA is an important tool to
advance our understanding of the nucleon spin, to reveal
the role of the quark orbital angular momentum (OAM),
and to access the three-dimensional structure of the nu-
cleon in momentum space [1]. Current research on TSSA
focuses on the polarized proton-proton (pp↑) and lepton-
nucleon (lN↑) reaction channels.
An early observation of large left-right SSAs (AN ) in
the pp↑ → π±X reaction by the Fermilab E704 exper-
iment at
√
s=19.4 GeV [2, 3] revealed a strong depen-
dence on the hadron type. In the center-of-mass frame
of the polarized pp↑ collision, viewed along the momen-
tum direction of the polarized proton, π+ favors the left
side of the spin vector, whereas π− favors the right side
of the spin vector. More recently, such non-vanishing
TSSAs were observed for π± and K± at
√
s=62.4 GeV
by BRAHMS [4], and for neutral pions at
√
s=200 GeV
by the STAR experiment at RHIC [5]. Although TSSAs
have been observed in pp↑ reactions for more than two
decades, measurement in semi-inclusive deep inelastic
scattering (SIDIS) is regarded as one of the cleanest ways
to understand them at the partonic level. TSSAs have
been measured in the SIDIS reaction (lp↑ → l′hX) by
HERMES [6–9] with a polarized proton target, and by
COMPASS [10–13] using polarized proton and deuteron
targets. Recently, they have been measured at Jefferson
Lab in Hall A using a polarized 3He target [14, 15].
The origin of TSSAs is currently interpreted using two
theoretical approaches [16]. The first approach is based
on the transverse-momentum-dependent distribution and
fragmentation functions (TMDs) in the framework of the
TMD factorization, and is mostly used to explain TSSAs
in the SIDIS process. There are two reaction mecha-
nisms: the Collins effect [17] and the Sivers effect [18]. In
the Collins effect, the TSSA is generated by the transver-
sity distribution, which represents the probability of find-
ing a transversely polarized parton inside a transversely
polarized nucleon, and the Collins fragmentation func-
tion, which correlates the transverse polarization of the
∗ Corresponding author: kalyan@jlab.org
† Deceased
quark with the transverse momentum of the outgoing
hadron (pT ). In the Sivers effect, the TSSA is gener-
ated by the Sivers distribution function, which correlates
the quark’s transverse momentum and the nucleon’s spin,
and is sensitive to the quark OAM. More specifically,
the observed asymmetry due to the Sivers function arises
from the final-state interaction between the struck quark
and the nucleon remnant in SIDIS. On the other hand,
the Sivers function in the Drell-Yan process is expected to
arise from the initial-state interactions [19]. Taking gauge
links into consideration, the Sivers distribution is pre-
dicted to be process dependent in the sense that it differs
in sign between SIDIS and Drell-Yan processes [19, 20].
Furthermore, in models such as the di-quark model [21],
one can connect the Sivers distribution for each quark to
its contribution to the anomalous magnetic moment of
the nucleon.
The second approach is based on the twist-3 collinear
factorization [22–25], where the SSAs are interpreted in
terms of higher-twist quark-gluon correlations, and is
mainly used to explain the TSSAs in the pp↑ → hX
channel. It was also shown that the TMD factorization
and twist-3 methods are related [26–28]. However, the
Sivers function extracted from pp↑ data with the twist-3
approach is shown to have a “sign mismatch” when com-
pared to the Sivers function extracted from SIDIS data.
The sign mismatch indicates a potential inconsistency in
the current theoretical formalism [29], and needs to be
further investigated. In order to understand the under-
lying mechanism producing TSSA it is crucial to study
additional reaction channels [16, 30].
In this letter, we study TSSA from one of the exper-
imentally least explored reactions, inclusive hadron pro-
duction using a lepton beam on a transversely polarized
nucleon (lN↑ → hX) [16, 31]. An early study of this pro-
cess was done by Anselmino et al., under the assumption
that the underlying mechanism that generates TSSA is
either Collins or Sivers effect [31]. More recently, this
study was re-evaluated using newly available SIDIS data
on Sivers and Collins moments assuming that the TMD
factorization is valid in lp↑ → π±X processes at large
pT values. Due to the presence of only one hard scale
in this process, estimation of the asymmetries is gener-
ally done at large pT values (typically >1 GeV/c). They
3predicted asymmetries between 5-10% for
√
s ≃4.9 GeV,
pT=1.5 GeV/c, and xF ≤0.1 with a contribution from
the Sivers mechanism to AN , whereas the contribution
from the Collins mechanism was negligible [16].
Non-zero SSAs were also estimated based on the twist-
3 distribution and fragmentation functions in the frame-
work of collinear factorization [30, 32, 33], and in the
SIDIS process by integrating over the scattered electron’s
azimuthal angle [34]. These studies of TSSAs in the
lp↑ → π±X process are performed under the assumption
of a SIDIS reaction, in which hard scattering occurs be-
tween a virtual photon and a quark. However, since the
process is dominated by the cross-section at Q2 near zero,
it was also pointed out that the lp↑ → π±X process will
have significant contributions from soft processes, such
as vector meson dominance, especially at lower pT val-
ues [35]. Experimental data for TSSA in this process
have recently been reported by the HERMES Collabo-
ration using e−/e+ beams on a transversely polarized
hydrogen target [9].
We report the first measurement of target single-spin
asymmetries (AN ) in inclusive hadron (π
±, K±, and pro-
ton) production at fixed-target e+N center-of-mass en-
ergy
√
s =3.45 GeV, using an unpolarized electron beam
and a transversely polarized 3He target as an effective
polarized neutron target. The kinematical variables for
this process are: xF = 2p
CM/
√
s, where pCM is the mo-
mentum of the outgoing hadron along the polarized nu-
cleon’s momentum direction in the e+N center-of-mass
frame, and pT =
√
p2x + p
2
y, the transverse momentum
of the outgoing hadron. The kinematical configuration
in the laboratory coordinate system is shown in Fig 1.
The target spin “up”(↑) was defined to be along the +yˆ
z
~l
x
y
~Ph
N
φS
~S
FIG. 1. (Color online) Kinematical configuration in the labo-
ratory coordinate system for the lN↑ → hX process. ~Ph rep-
resents the momentum direction of the produced hadron, and
~S is the spin vector of the nucleon. The polarized nucleon’s
momentum is along the -z direction in the e+N center-of-mass
frame
direction, parallel to the vector ~l× ~Ph(φS = 90◦), where ~l
and ~Ph are the momentum vectors of the incoming beam
and outgoing hadron, respectively.
The target SSA is defined as [16],
AUT (xF , pT ) =
1
P
dσ↑ − dσ↓
dσ↑ + dσ↓
sinφS = AN sinφS , (1)
where dσ↑(↓) is the differential cross-section in the target
“up”(“down”) state, and P is the target polarization.
The spin-dependent part of the cross-section is propor-
tional to the term ~S ·(~l× ~Ph), which gives rise to a sin(φS)
modulation in the definition of the asymmetry. This term
makes AN parity-conserving, but T-odd under “na¨ıve”
time reversal, in which the initial and final states do not
interchange. Note that the sign of AN in the laboratory
coordinate system of this experiment (Eq. 1) differ by
a factor -1 from the definition in the phenomenological
study of this process in [16], where the authors used the
center-of-mass coordinate system with the lepton moving
in the -zˆ direction.
The data were collected using a singles trigger during
the E06-010 experiment in Hall A at Jefferson Lab [36].
A beam energy of 5.9 GeV was provided by the CEBAF
accelerator with an average current of 12 µA. The pro-
duced hadrons were detected in a high-resolution spec-
trometer (HRS) [37] at a central angle of 16◦ on beam
left side. Positively and negatively charged particles were
detected separately by changing the magnet polarity of
the HRS. The central momentum of the HRS was fixed at
2.35 GeV/c, with a momentum acceptance of ±4.5% and
solid angle of 6 msr. The average transverse momen-
tum of the detected hadrons (<pT>) was 0.64 GeV/c.
We note that if the pions are produced through virtual
or real-photon exchange (γ⋆+N or γ+N), the minimum
photon energy is Eγ ≥2.6 GeV, corresponding to an in-
variant mass of W≥2.4 GeV for the γ+N system, well
above the region of nucleon resonances.
The data from the two helicity states from the po-
larized electron beam were summed over to achieve an
unpolarized beam. The residual helicity-sorted beam-
charge difference was less than 100 ppm in a typical
run. The target spin direction was automatically re-
versed (φS = ±90◦) at a rate of once every 20 minutes,
which allowed control of the combined systematic uncer-
tainty due to luminosity fluctuations and time depedence
to below 50 ppm in this experiment.
Polarized 3He targets have often been used as an ef-
fective polarized neutron targets, because in the ground
state of the 3He nuclear wavefunction (dominated by the
S-state) the two proton spins are opposite to each other,
and the nuclear spin is carried by the remaining neu-
tron [38]. The polarized target used in this measurement
was a 40-cm long glass cell filled with ∼8 atm of 3He
gas and a small amount (∼0.13 atm) of N2 gas to re-
duce depolarizing effects [37]. The radiation lengths of
the materials up to the center of the 3He target were:
Be window (0.072%), 4He gas (0.004%), glass window
(0.142%), and 3He gas (0.046%). The target was polar-
ized via hybrid spin-exchange optical pumping of a mix-
ture of Rb-K [39]. The 3He polarization was measured
every 20 minutes during the spin-reversal using Nuclear
Magnetic Resonance (NMR). The NMR signal was cal-
ibrated with Electron Paramagnetic Resonance (EPR)
measurements and a known NMR signal obtained from
an identical water cell. The average in-beam polarization
4of the target was (55.4±2.8)%.
The HRS detector package consisted of four separate
detectors for particle identification: (i) a light-gas thresh-
old Cˇerenkov for electron identification, (ii) a two-layer
electromagnetic calorimeter for electron-hadron separa-
tion, (iii) a threshold aerogel Cˇerenkov detector for pion
identification, and (iv) a ring imaging Cˇerenkov (RICH)
detector for π±, K±, and proton identification. The elec-
tron and positron background were suppressed with a
rejection factor of 104:1. After all the particle identifica-
tion cuts the contamination due to leptons was negligible
in the hadron sample. The pion sample had a contami-
nation of <1% due to other hadrons. Kaons were identi-
fied using the RICH detector, in combination with a veto
from the aerogel counter, to suppress the large pion back-
ground. To further improve the purity of the kaon sam-
ple, a χ2 probability distribution was constructed based
on the reconstructed Cˇerenkov ring angle and the ex-
pected Cˇerenkov angle in the RICH detector for a known
particle momentum [40]. A cut on this distribution ef-
fectively suppresses the background events due to mis-
identified particles. The contamination of the kaon sam-
ple from other hadrons was estimated to be ∼ 3% (pro-
ton) and ∼ 2% (π+) for positive kaons, and ∼ 2% (π−)
for negative kaons. Protons were identified using the
same method that was used for charged kaons, producing
a very clean sample with estimated background <1%.
The raw 3He target single-spin asymmetry (AN ) was
obtained using the normalized yields in target spin
up/down (φS = ±90◦) states, as shown in Eq. 1. The
yield in each spin state is normalized with the accumu-
lated beam charge and livetime of the data acquisition
system in that state. The dilution of the measured 3He
asymmetries due to the presence of a small amount of N2
gas in the target cell was corrected using the factor,
fN2 ≡
ρN2σN2
ρ3Heσ3He + ρN2σN2
, (2)
where ρ is the density of the gas in the cell and σ is the
unpolarized inclusive hadron cross-section. The unpolar-
ized N2 and
3He cross-sections were obtained from the
data taken during the experiment using reference cells
filled with pure N2 and
3He gas. The fN2 was extracted
separately for all hadrons and was about ∼10% in each
case.
The overall systematic uncertainty in this measure-
ment was small due to frequent target spin flips. The
false asymmetry due to luminosity fluctuations was less
than 0.04% and was confirmed by measuring the target
SSA in inclusive (e, e′) DIS reaction for in-plane trans-
verse target (φS = 0
◦, 180◦). This configuration was
achieved by rotating the target spin by 90◦ while keeping
all other conditions the same. This type of asymmetry
vanishes under parity conservation, assuming one-photon
exchange. In addition, the inclusive pion asymmetry was
measured to be zero with a precision of 0.05% in the
same configuration (φS = 0
◦, 180◦). This asymmetry is
expected to vanishes due to sin(φS) moment.
There were two additional sources of systematic uncer-
tainty associated with the RICH detector for kaons and
protons. The first one was from a cut on the number of
hits in the RICH detector. The relative change in asym-
metry under variation of the cut threshold was assigned
as a systematic uncertainty. For K± it was <14% and
for protons it was <3%, relative to the statistical uncer-
tainty. The second source was local fluctuations in the
kaon and proton yield arising from detector inefficiencies
in certain periods of the data-taking. The systematic
uncertainty was estimated using the change in the asym-
metry obtained in the periods with and without these
fluctuations, and was estimated to be <2%, <6%, and
<1%, relative to the statistical uncertainty, for K+, K−
and protons, respectively. Systematic uncertainties due
to the target density fluctuations, vertex cuts, DAQ live-
time, and HRS single-track events were negligible.
NH
e
3
A
-0.1
-0.05
0
0.05
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T
<p h + X→ ↑He3e + 
FIG. 2. (Color online) Inclusive SSA results on a 3He target
for π±, K± and protons in the vertical target spin configura-
tion (φS = ±90
◦). The error bars on the points represents the
statistical uncertainty. The grey band shows the magnitude
of the overall systematic uncertainty for each hadron channel.
The final 3He asymmetry results are shown for differ-
ent hadron species in Fig. 2. These results include a small
correction due to particle contamination for each hadron
species. In Fig. 2 the data were integrated in pT and
xF (see Table I). The error bars represents the statisti-
cal uncertainty. The systematic uncertainties are shown
as a solid band. The measured AN for π
+(∼2%) and
K+(∼6%) are positive, and opposite in sign to that of
π− (∼1%). In addition, the magnitudes of these asym-
metries follow |Aπ− | < |Aπ+ | < |AK+ |. The measured
AN for K
− and protons was found to be small and consis-
tent with zero. We note that the majority of the detected
protons originate through a knock-out reaction from the
3He nucleus, whereas mesons are produced either through
fragmentation process or in a photoproduction reaction.
The SSAs for charged pions as a function of pT for a
3He
target are shown in Fig. 3. The asymmetry grows as a
function of pT and plateaus around pT ≃ 0.63 GeV/c.
5Hadron <xF> <pT> A
3He
N ± Stat.± Sys.
(GeV/c)
π+ -0.262 0.64 0.0185±0.0007±0.0009
π− -0.262 0.64 -0.0109±0.0005±0.0005
K+ -0.215 0.64 0.0665±0.0130±0.0038
K− -0.215 0.64 0.0122±0.0179±0.0027
p -0.087 0.64 0.0038±0.0026±0.0002
TABLE I. Central kinematics for three types of hadrons along
with the AN results for a
3He target. A negative xF indi-
cates that the produced hadron is moving backwards with
respect to the nucleon momentum direction in the center-of-
mass frame of the e+N system.
 [GeV/c]
T
p
0.6 0.65 0.7
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FIG. 3. (Color online) AN results on a
3He target for the π±
channel as a function of pT . The solid band on the bottom of
each panel shows the magnitude of the systematic uncertainty
for each momentum bin.
We extracted AN on neutron from the measured
3He
asymmetry using the effective polarization approach, pre-
viously used for both inclusive and semi-inclusive DIS
processes [38, 41]. Using this method, AN for the neu-
tron can be obtained from 3He results using the relation,
A
3He
N = Pn(1− fp)AnN + PpfpApN, (3)
where A
3He
N is the measured
3He asymmetry. Pn =
0.86+0.036−0.02 and Pp = -0.028
+0.009
−0.004 are the effective polar-
ization of the neutron and proton, respectively. Hence,
the contribution of proton polarization (≃ 2.8%) to A3HeN
is relatively small. The factor, fp =
2σp
σ3He
, in 3He was
measured directly in this experiment using the yields ob-
tained from unpolarized hydrogen and 3He targets. The
average proton dilution (1-fp) for π
+ was 0.156±0.007
and for π− it was 0.268±0.005. The SSA from a polar-
ized proton target (ApN ) was assumed to be no more than
±5% at pT ≃ 0.64 GeV/c, which is consistent with the
HERMES data on ApN [9].
The final results for AnN for charged pions on an effec-
tive neutron target are shown in Fig. 4. The extracted
AnN is below 20% for both π
+ and π−, with the asymmtry
amplitude for π+ being larger than those for π−. The
AnN for both π
+ and π− increase up to pT ≃0.63 GeV/c,
before it plateaus. Currently there are no theoretical
estimates for AN at
√
s = 3.45 GeV and <pT>∼0.64
GeV/c for a neutron target. The existing predictions
were done for a proton target at pT = 1.5 GeV/c and√
s ≃ 4.9 GeV [16]. However, the sign of AN for π±
in our experiment is consistent with the existing predic-
tions dominated by the Sivers effect, assuming p↔n and
π+ ↔ π−.
<pT> A
n
N(π
+)±Stat.±Sys. AnN (π
−)±Stat.±Sys. Rpi+/pi−
(GeV/c)
0.58 0.109±0.016±0.007 -0.044±0.006±0.003 -2.5±0.5
0.61 0.125±0.013±0.008 -0.051±0.005±0.003 -2.5±0.4
0.63 0.166±0.014±0.010 -0.055±0.006±0.004 -3.0±0.5
0.66 0.169±0.012±0.010 -0.056±0.005±0.004 -3.0±0.4
0.69 0.160±0.014±0.010 -0.053±0.006±0.003 -3.0±0.5
TABLE II. The extracted neutron AnN results for π
+ and π−
along with their ratio Rpi+/pi− in five different <pT> bins.
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Nn
A
-0.1
0
0.1
0.2
+pi
-pi + X
±pi → eff
↑e + n
 
(a)
 [GeV/c]
T
p
0.6 0.65 0.7
 
>
F
<
 x
-0.28
-0.26
-0.24
(b)
FIG. 4. (Color online) (a) AN results on a neutron target
extracted from the measured 3He asymmetries. The solid
band on the bottom of each panel shows the magnitude of the
systematic uncertainty for each momentum bin. The lower
plot (b) is the xF and pT correlation in this measurement.
We can compare the observed behavior of our data
with existing TSSAs in both proton-proton (pp↑) and
lepton-nucleon (lN↑) reaction channels. Our results show
that in the center-of-mass frame of the polarized neutron-
6electron collision, viewed along the direction of the neu-
tron’s momentum, π+ favors the right side of the spin
vector, whereas π− favors the left side of the spin vector.
Assuming isospin symmetry, this behavior is the same
as that observed in pp↑ → hX for the E704 [2, 3] and
BRAHMS [4] experiments. In addition, this behavior is
also the same as the Collins asymmetry for π±, and the
Sivers asymmetry for π+ observed in SIDIS [6–8, 12–14].
The AnN for π
+ is about ∼ 15% at <pT>=0.64 GeV/c,
which is larger than that for HERMES proton data for π+
(∼ 5% at <pT>=0.68 GeV/c) [9]. Similarly, we observed
large AnN for π
− (∼ 5%) compared to that for HERMES
proton data (<1%) [9]. Furthermore, we observed a large
and positive amplitude for the K+ asymmetry compared
to K− asymmetry on 3He, a similar feature observed in
lp↑ → hX reaction on proton target [9], and also the
Sivers amplitude for kaons in the SIDIS reaction at HER-
MES [7].
In summary, we have reported the first measurement
of SSAs in the inclusive hadron production reaction us-
ing unpolarized electrons on a transversely polarized 3He
target at <pT>= 0.64 GeV/c. Clear non-zero asymme-
tries were observed for charged pions and positive kaons,
showing a similar feature of flavor dependence to that
observed in the Sivers asymmetry in SIDIS, and in AN
in pp↑ collisions. Currently there are no estimates or the-
oretical interpretations of these asymmetries at the rela-
tively low pT of 0.64 GeV/c used for this measurement.
We hope that the results presented here will stimulate
new theoretical and experimental efforts to pin-point the
exact origin of the observed SSAs. Future experiments
at Jefferson Lab [42, 43], after the 12-GeV upgrade, will
extend this measurement to higher values of pT on both
proton and 3He targets, and will provide precision data
for future theoretical studies. Moreover, if these non-zero
asymmetries survive at high energy kinematics then they
can be used as monitors of transverse target polarization
in a fixed target experiment, or local transverse polariza-
tion of the 3He beam at a future Electron-Ion-Collider.
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